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ABSTRACT 

Propane dehydrogenation (PDH) is one of the most widely used processes to produce propylene. 

Platinum is an effective catalyst for PDH. However, metallic Pt facilitates deep dehydrogenation 

and coke formation. In contrast, small sub-nanoparticles and, at the limit, single atom catalysts 

(SACs) have shown high reactivity, prevent coke formation and are much cheaper. Graphitic 

carbon nitride (g-C3N4) has been used as a support for several catalytic and electrocatalytic 
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processes. In this work, three Pt-based catalysts, single-atom (Pt1), single-cluster (Pt4) and 

bimetallic Pt3Sn anchored on the heptazine units of g-C3N4 were modelled using the density 

functional theory (DFT) approach in conjunction with microkinetic analysis. Ab initio molecular 

dynamics (AIMD) has been also used to assure the stability of the systems. All three systems 

showed good activity for PDH. However, we have shown that the conversion is only satisfactory 

at high temperatures, according to the thermodynamic and kinetic requirements, due to the high 

cost of propene desorption. On the other hand, the energy barriers for the deep dehydrogenation 

side reaction remain similar as the temperature increases. Substituting a Pt atom by Sn in Pt4 to 

give a bimetallic subnanometric Pt3Sn cluster, facilitates propene desorption and inhibits deep 

dehydrogenation and subsequent coke formation. 

INTRODUCTION 

Today, despite some unintended consequences, plastics have become an integral part of modern 

society, improving our quality of life. However, feedstocks such as propene are in short supply, 

and more than traditional light oil cracking methods is needed to meet demand.1,2 

Instead, the conversion of propane, which is cheap and readily available, has attracted much 

attention. Oxidative and non-oxidative approaches convert propane to propene. 3  Oxidative 

dehydrogenation is an exothermic reaction that can achieve high conversion rates at low 

temperatures but can produce unwanted COx by-products due to the need for an oxidant (such as 

CO2 and N2O). 4 , 5  In contrast, non-oxidative propane dehydrogenation (PDH), is a more 

environmentally friendly process. However, direct PDH is endothermic, with H° = 123.8 kJ/mol 

at 298.15 K, only exergonic at high temperatures (~ 900 K), and only feasible using efficient 

catalysts.6 
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The most commonly used catalysts are those based on platinum, due to the high density of 

electronic states near the Fermi level, which exhibit good activity towards PDH because of their 

capability to activate C-H bonds.7,8 Recently, molecular dynamic simulations using reactive force 

fields,9 showed the following order of reactivity on platinum surfaces: Pt(111) < Pt(100) < Pt(211); 

and that propene activation on the most reactive one, stepped Pt(211) surface, occurs on low-

coordinated Pt atoms at the steps. This is in line with the study by Terejanu, Heyden, et al.10 

combining DFT calculations with Bayesian statistics, which concluded that Pt(211) is the 

dominant active and selective facet of Pt catalysts. Thus, there is a clear correlation between the 

Pt surface and PDH activity. Using the activation energy difference between further 

dehydrogenation and propene desorption as a selectivity descriptor, Zhou et al.11 reported that the 

selectivity towards propene is substantially lowered in the presence of the coordinately unsaturated 

surface Pt atoms. Therefore, there is no clear agreement on the effect of catalyst topology on 

selectivity. Undesired reactions in the PDH process involves deep dehydrogenations and C-C bond 

breaking and result in the formation of coke at the surface of the catalyst and deactivate it. To 

improve catalyst efficiency, the use of supported nanoparticles to inhibit deactivation was 

considered. As demonstrated by Sui, Chen, et al.12 the dehydrogenation of propane over supported 

Pt particles is structurally sensitive. Reducing the Pt particle size to sub-nano clusters (<1 nm), 

particularly when atomically dispersed, significantly improved catalytic performance while 

maintaining high stability and selectivity for propene. In addition, Li, Su, et al.13 studied the origin 

of coke formation using DFT based kinetic Monte Carlo simulations, and revealed that in the initial 

stages of PDH, a fast deactivation of the active sites at the metal surface takes place, where C2/C1 

carbon species are tightly bonded. To improve the selectivity, bimetallic Pt-Sn systems were used, 

as Sn promotion is known to reduce the catalyst deactivation, 14  and can enhance the 
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dehydrogenation performance by shifting down the d-band center and thus reducing the adsorption 

energy of propene.12,15 Therefore, the optimal scheme for designing catalysts for PDH would be 

highly dispersed nano or sub-nano metallic particles (monometallic and bimetallic), at the single 

atoms level on a suitable support such as oxides, carbon, or zeolites.16 

The selection of suitable supports is a major challenge in the development of effective catalysts. 

Metal oxides and carbon-based materials are commonly used as supports due to their thermal 

stability and the abundance of metal-support interaction sites.17,18,19,20,21,22,23 However, metal 

diffusion and surface aggregation are phenomena that can reduce catalyst efficiency.6 To address 

this problem the use of supports with surfaces containing vacancies or holes that can capture metal 

atoms has been identified as an effective solution.24,25,26 Graphitic carbon nitride (g-C3N4), also 

known as exfoliated carbon nitride (ECN), is a captivating non-metallic, non-toxic, low-cost and 

highly stable conjugated two-dimensional polymer used since 2006 in heterogeneous catalysis and 

photocatalysis as a promising material.27,28,29 From the various allotropic phases that were reported 

for g-C3N4, we have chosen one containing tri-s-triazine (heptazine) rings as a suitable support 

material, as it can provide not only suitable anchoring holes but also electron lone pairs to trap a 

metal atom. It is also the most stable phase of C3N4 at ambient conditions.30 From a computational 

point of view, several studies provide atomistic insight into the interaction of metallic atoms or 

clusters with ECN supports and their consequences in catalysis.26,31,32,33,34 

Here, we aim to computationally study, at DFT level, the PDH reaction catalyzed by Pt single-

atom catalyst (SAC), Pt4 single-cluster catalyst (SCC), and the bimetallic cluster Pt3Sn, all 

supported on ECN. We performed ab initio molecular dynamics (AIMD) simulations to evaluate 

the stability of the SAC system at common operating temperatures. We then characterize the 

reaction mechanism of the PDH productive pathway, as well as of the competitive side reactions, 
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namely deep dehydrogenation and C-C bond breaking, for the different catalytic systems. These 

energy profiles were used to derive parameters for performing microkinetic modelling of reactivity 

and selectivity at reaction conditions. Comparing the results obtained for these three catalytic 

systems allowed gauging the effects of clustering (from Pt1 to Pt4) and the addition of promoters 

such as Sn on the catalytic performance. 

 

COMPUTATIONAL DETAILS 

All the calculations were performed using the Vienna Ab Initio Simulation Package (VASP 

5.3.5).35 Projector Augmented Wave (PAW) pseudopotentials were used to describe the core 

electron density and its interaction with the valence electron density.36 The exchange-correlation 

interactions were calculated using the Perdew, Burke, Ernzerhof (PBE) generalized gradient 

approximation (GGA) functional.37 This functional adequately describes bulk transition metals in 

general average terms.38,39 The van der Waals interactions were considered by the DFT-D3 method 

of Grimme.40 Spin-polarization and dipole correction were always included. The cutoff energy of 

the plane wave basis was set to 400 eV. The residual force and energy convergence criteria were 

set to 10-3 eV/Å and 10-5 eV, respectively. The Monkhorst-Pack mesh with a 2×2×1 k-point grid 

was used to sample the Brillouin zone. A 2×2×1 supercell with 22 Å of vacuum along the z 

direction was used to avoid unwanted interactions between repeated slabs. A cube of 15×15×15 Å 

with a k-point grid of 1×1×1 was used for isolated molecules and naked metallic clusters (Pt1, Pt4, 

and Pt3Sn). The stability of Pt1/g-C3N4 was studied with AIMD simulations using a 4×4×1 

supercell and 2×2×1 k-point grid. The AIMD simulations were performed on a microcanonical 

ensemble from 277 K to 1276 K with a 1.0 fs time-step. 
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The transition states (TS) searching of elementary reactions started with the climbing-image 

nudged-elastic-band (CI-NEB) with 5 images and refined with the dimer method. The proper 

character of the local minima and the TS have been confirmed by vibrational frequencies analysis, 

ensuring a single imaginary frequency for every TS, and the absence of imaginary frequencies for 

reactants, intermediates, and products. 

In addition, Bader’s atoms-in-molecules electronic density analysis41 was carried out to obtain 

atomic charges via integration of electronic density within regions delimited by zero flux surfaces, 

allowing to evaluate the charge transfer between species. 

The interaction energy (Eint) of PtnSnm (n = 1, 3, 4; m = 0, 1) with the ECN substrate was 

calculated by (Eq. 1): 

Eint = EPt(n)Sn(m)@C3N4 - (EC3N4 + EPt(n)Sn(m))                                                                                  (1) 

where E Pt(n)Sn(m)@C3N4 is the energy of the anchored metal on the g-C3N4 monolayer. EC3N4 and 

EPt(n)Sn(m) are the energies of a pristine g-C3N4 monolayer and Pt atom, Pt4 and Pt3Sn clusters in 

vacuum, respectively. 

The adsorption energy for each adsorbed species is calculated by Eq. 2. 

Eads = Emol-Pt(n)Sn(m)@C3N4 – (Emol + EPt(n)Sn(m)@C3N4)                                                                     (2) 

where Emol-Pt(n)Sn(m)@C3N4 is the energy of the whole system; Emol stands for the energy of the 

adsorbed molecule in the gas phase; and EPt(n)Sn(m)@C3N4 is the energy of the catalyst. The energy 

profiles were made with the reference of propane in the gas phase and the clean surface including 

the contribution of zero-point energy (ZPE). The ZPEs were computed within the harmonic 

approximation, considering all the atoms of the system. The Gibbs free energies at a given 

temperature have been computed according to the methodology described in the electronic 

supplementary information (ESI). 
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We have also performed a microkinetic modeling to analyze the PDH process. The rate (r) of 

the elementary steps in the PDH mechanism was determined by multiplying the coverage of 

reactants (𝜃R) by the corresponding rate coefficient (k), Eq. 3. 

𝑟 = 𝑘 · 𝜃𝑅                                                                                                                                          (3) 

The rate coefficients were computed following the conventional transition-state theory of 

Eyring, Evans, and Polanyi, as shown in Eq. 4.42,43 

𝑘 =
𝑘𝐵𝑇

ℎ
·
𝑍𝑇𝑆

𝑍𝐼𝑆
· 𝑒

−𝐸𝑎
𝑘𝐵𝑇
⁄

                                                                                                                   (4) 

where ZIS and ZTS are the partition functions in the initial and transition states, respectively, Ea 

is the activation energy with ZPE, 44 T is the temperature, and kB and h are the Boltzmann and 

Planck constants, respectively. We have used Eq. 5 to introduce the ZPE contribution in the 

vibrational partition function. Thus, Ea is the electronic energy, as explained by McQuarrie.45 

𝑍𝑣𝑖𝑏 = ∏
𝑒

−ℎ𝜈𝑖
2𝑘𝐵𝑇

⁄

1−𝑒

−ℎ𝜈𝑖
𝑘𝐵𝑇

⁄
𝑖                                                                                                                       (5) 

The rate of the adsorption steps was calculated using the classical Hertz-Knudsen equation: 

𝑟𝑎𝑑𝑠,𝑖 = 𝑃𝑖(2𝜋𝑚𝑖𝑘𝐵𝑇)
−1/2𝐴𝑐𝑎𝑡𝜃𝑖                                                                                                  (6) 

Where pi is the partial pressure of the gas-phase species i, mi is the molar mass, and Acat is the 

area per active site. 

This information was used to construct a microkinetic model, which involves solving a system 

of differential equations representing the reaction network composed of elementary steps, as 

shown in Table S8. The kinetic equations are described by a system of Ordinary Differential 

equations (ODEs), which were solved numerically. We employed the open-source Julia 

Programming Language, using various packages, such as the DifferentialEquations.jl, which 

provides Rosenbrock methods to solve stiff problems.46 This type of simulation offers the temporal 
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evolution of species as a function of initial conditions, including the pressure of reactants and the 

temperature, like methodologies employed in previous studies.47 

 

RESULTS AND DISCUSSION 

PDH catalyzed by single-atom Pt1/g-C3N4 

The structure of ECN is still controversial, and previous works proposed different types of 

surface morphologies such as, planar, slightly buckled, or highly corrugated.48,49 Depending on the 

lattice parameters, the height along the z-axis within a layer may reach 2.6 Å.48,49 Here, we have 

taken a single layer of g-C3N4 from the literature with a lattice parameter of 7.123 Å, which is 

consistent with the experimental value (7.13 Å).33,34 The modeled g-C3N4 monolayer is slightly 

buckled, with a distance of 1.073 Å between the upper and lower atom along the z direction (see 

Figure 1). The adsorption mode Pt1-A is the most stable (Eint = -285.6 kJ/mol). In this structure, 

the Pt atom is placed near the geometric center and in the mean plane of the layer, interacting with 

two opposite N atoms, in agreement with previous DFT calculations.4,31 

 

Figure 1. Top and side views of optimized g-C3N4 and Pt1/g-C3N4. C, N and Pt are grey, lavender, 

green, respectively. 

As reported by Yang et al,50 the diffusion barrier between neighbor holes in Pt1-A configuration 

is ca. 372 kJ/mol as a low limit. Thus, considering the high Eint, it is unlikely that the Pt atom will 
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move between the six-fold cavities along the g-C3N4 plane, hindering Pt agglomeration. Two other 

local minima are found: a configuration Pt1-B, with Pt forming bonds with two neighbor N atoms 

and configuration Pt1-C, connected only to one N atom and shifted 2.115 Å above the average 

surface plane (Table 1). The configuration Pt1-C is 40.6 kJ/mol less stable than Pt1-A, similar to 

the previously reported value of 47.3 kJ/mol.31 Since this minimum has an image below the 

surface, being inactive as catalyst, we modelled this situation with four C3N4 layers, like the 

previous model from Mitchell, López, Pérez-Ramírez et al.34 We have found that the Pt atom has 

another local minimum between the first and second layers of g-C3N4 at 1.66 Å below the first 

layer and 1.93 Å above the second layer (Figure S7) with a barrier of 41.8 kJ/mol respect to the 

Pt1-A position. A close result of 42.5 kJ/mol was reported by López, Pérez-Ramírez et al.31 

Analysis of the electronic structure of the three conformations revealed some significant 

differences. The Bader charges for configuration Pt1-A and Pt1-B are 0.39|e| and 0.55|e|, 

respectively (Table 1), indicating a significant charge transfer from Pt to linked N atoms. The 

Bader charge of Pt in configuration Pt1-C is almost zero, indicating the absence of charge transfer 

from the metal to the support. Thus, in this configuration the Pt atom is richer in charge, and as 

will be discussed below, this has consequences on the activity. 
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Table 1. Different configurations of Pt1/g-C3N4 (Pt1-A, Pt1-B and Pt1-C). Eint (kJ/mol) is the 

interaction energies of Pt1 with g-C3N4. ΔE (kJ/mol) is the relative electronic energy for each 

configuration concerning the most stable one. ZPt (Å) refers to the distance between Pt and the 

average surface plane. Pt-N bond lengths (Å) and Bader charges (|e|) for Pt are also included. 

 

 

 

 

 

 

 

 

We also analyzed the projected densities of states (pDOS) to gauge the effects on the band 

structure of the adsorption of Pt atoms at different positions of the g-C3N4 support (Figure 2). The 

bare surface of g-C3N4 is a typical semiconductor, the present computed band gap of g-C3N4 being 

1.6 eV, slightly lower than the experimental value of 2.7 eV.49 This is unsurprising due to the 

known underestimation of band gaps using PBE.51 In configuration Pt1-B, the orbital mixing 

between the Pt atom and g-C3N4 is large, and there are no d electrons in the band gap. These 

features suggest that the reactivity of Pt in Pt1-B configuration is low. In contrast, configurations 

Pt1-A and Pt1-C show d electrons in the band gap, indicating an increase of their reactivity. In 

addition, configuration Pt1-C has a band gap that is only 1.2 eV, which results in shift of the Pt d 

electrons closer to the Fermi level, thereby enhancing its reactivity. 

Configuration Eint ΔE ZPt Pt-Nx bond lengths Pt charge 

Pt1-A -285.6 0.0 0.0 

Pt-N1 2.119 

0.39 

Pt-N4 2.230 

Pt1-B -275.0 10.6 0.387 

Pt-N2 2.040 

0.55 

Pt-N3 2.011 

Pt1-C -245.0 40.6 2.115 Pt-N2 1.919 0.01 
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Figure 2. pDOS for g-C3N4 (upper) and Pt1/g-C3N4 in Pt1-A, Pt1-B, and Pt1-C configurations. 

Energy is referred to Fermi level. 

The operating temperature of PDH is about 873 K.6 To evaluate the dynamic stability of the 

system, we performed AIMD simulations using VASP, in which we gradually increased the 

temperature from 277 K to 1276 K during a simulation time of 10.0 ps. During the simulations 

(the Pt atom remains in the hexacyclic cavity, even at high temperatures, fluctuating between Pt1-

A to Pt1-B and Pt1-C. 

We also determined the energy barriers for the interconversion between the three conformations 

(Figure 3). The computed energy barriers range from 46.2 to 73.2 kJ/mol, whose values indicate 

that the three conformations are accessible at working temperatures, in the same line as AIMD 

simulations. Thus, for the study of PDH mechanism, we will consider the three conformations. 

However, we anticipate that when propane adsorbs, the conformations Pt1-A and Pt1-B lead to the 

same intermediate A/B-PA* (Table 2). 

After analyzing the structure of Pt1/g-C3N4, we characterized the PDH reaction mechanism. The 

initial stage involves the physisorption of propane and the subsequent C-H activation. In the A/B-

PA* intermediate (Table 2), propane interacts weakly with Pt and the C-H bonds involved are only 
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marginally elongated resulting in a non-reactive intermediate. However, the C-PA* intermediate 

presents the higher adsorption energy, -61.6 kJ/mol, referred to configuration Pt1-A and a 

lengthening of the C-H bond from 1.101 Å to 1.237 Å. 

 

Figure 3. Electronic energy profile, for Pt1/g-C3N4 configurations. C, N, and Pt are grey, lavender, 

and green, respectively. 

Table 2. Adsorbed propane (PA) configurations. Adsorption energies are referred to the most 

stable configuration of Pt1/g-C3N4, namely configuration Pt1-A. C, H, N, and Pt are gray, pink, 

lavender, and green, respectively. 

System Pt1-A/B-PA* Pt1-C-PA* 

Configurations (Side View) 

 

 

Eads (kJ/mol) -35.4 -61.6 

Pt Bader charge (|e|) 0.39 0.01 

C-H distance (Å), gas phase PA 1.100 1.101 

C-H distance (Å) PA* 1.100 1.237 

Pt-C distance (Å) 3.755 2.248 
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Based on the above analysis, we propose that the reaction starts at the most stable configuration 

of the adsorbed propane, Pt1-C-PA*, from which the C-H bond activation of the primary propane 

carbon occurs with a small activation energy 14.2 kJ/mol (Figure 4). Note that the energetically 

favorable propane adsorption state (Pt1-C-PA*) does not corresponds to the most stable 

configuration of the bare Pt1/g-C3N4 catalyst (Pt1-A). As Ge et al.52 stated, the global minimum of 

Ptn does not necessarily contribute the most to PDH. The initial C-H activation can occur either: 

via the primary carbon (C1) or the secondary one (C2), and the corresponding energy profiles of 

the reaction pathways are shown in Figure 4 and Figure S1, respectively. The difference in 

activation energy between the primary and secondary C-H activation is very low (< 4 kJ/mol), 

within the level of accuracy of our methodology. Therefore, the discussion in the main text will be 

based on the pathway that initiates by activation of the most abundant (6:2) primary C-H bonds 

(Figure 4), referring also to the pathway starting by activation of the secondary C-H bonds. 

 

Figure 4. Energy profile of PDH on Pt1/g-C3N4, C1 adsorption. C, H, N, and Pt are grey, pink, 

lavender, and green, respectively. Red lines are competing side reaction pathways. 
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After adsorption, the first C1-H activation energy is 14.2 kJ/mol (10.9 kJ/mol for C2). This value 

is close to that computed for propane C-H activation by atomic Pt+ (16.4 kJ/mol for C1 path).53 

Then, the 1-propyl intermediate, C3H7* + H* is formed, where both C1 and H* are bonded to the 

Pt atom (see Figure 4). We also considered the possibility of C1 bonded to Pt while H is bonded to 

a surface terminal nitrogen, as described by Lin, Li, et al.,4 for different transition metals as SAC 

on g-C3N4. However, the H* transfer to g-C3N4 support is energetically unfavorable by 39.1 kJ/mol 

(Table S2). The energy required to cleave the secondary C-H bond at C3H7* to give adsorbed 

propene (C3H6* + 2H*) through TS2 is slightly higher than the first C-H activation, with a barrier 

of 27.1 kJ/mol (37.9 kJ/mol for C2 pathway). These values are also similar to those reported for 

the second C-H activation by Pt+ (34.1 kJ/mol).53 

Moreover, the C-H bond activations characterized here are closely related to those on Pt 

surfaces,8,9,54 or supported Pt1.
25,55 From C3H7* + H*, we characterized a possible side reaction 

leading to 1-propylidene, CHCH2CH3*, that can yield deep dehydrogenated products (red lines in 

Figure 4). Nevertheless, the computed energy barrier for deep dehydrogenation via TS2-1 is 100.3 

kJ/mol, significantly higher than the energy barrier for propene formation via TS2 (red lines in 

Figure 4). Thus, we can discard deep dehydrogenation from the C3H7* + H* intermediate. 

The final steps of the reaction consist of H2 formation and desorption, and propene desorption. 

The desorption of both products goes uphill in energy because of the relatively high adsorption 

energies of molecular hydrogen and propene on Pt1, -116.2 kJ/mol and -185.5 kJ/mol, respectively 

(Table S1). H2 is likely to desorb first as it has lower Eads than propene. From the C3H6* + 2H* 

intermediate, the energy cost to lead molecular H2 in gas phase is 27.0 kJ/mol. The propene 

desorption is significantly more costly, 185.6 kJ/mol, (Figure 4). Moreover, the adsorbed propene 

can further dehydrogenate to give the 1-propenyl intermediate C3H5* through an energy barrier of 
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107.8 kJ/mol, which is lower than propene desorption but entropically disfavored (see red lines in 

Figure 4). Thus, the electronic energy is not enough to describe the process; the entropic 

contribution at high temperatures must be considered (see microkinetic simulations below). 

PDH catalyzed by Pt4 and Pt3Sn single-clusters 

As we have seen, the Pt atoms can diffuse into the bulk of the g-C3N4 support, significantly 

reducing the catalytic activity. Therefore, it is interesting to compare the catalytic performance of 

Pt1/g-C3N4 with small subnanometric clusters because we move from the limit of high dispersion 

in SAC, and the clusters can prevent diffusion of Pt into the support. Moreover, subnanometric 

clusters are usually less active than atomic Pt but present more active sites than bigger clusters or 

surfaces, thus preventing side reactions.13,54 Herein, Pt4 was selected as it provided high activity 

for methane, ethane, and propane dehydrogenation.56,57,58 Initially, the optimization of adsorbed 

Pt4 was conducted for two possible structures, and both led to the same minimum, a triangular 

pyramid with the basis pointing to the surface, (Figure 5) with an interaction energy of -417,15 

kJ/mol. VASP-AIMD simulations also indicate that the interaction of the Pt4 cluster with the hole 

of the g-C3N4 surface is stable. 

 

Figure 5. Side and top views of Pt4/g-C3N4 and Pt3Sn/g-C3N4, C, N, Pt, and Sn are grey, lavender, 

green, and violet, respectively. 
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Table 3 and Figure 6 show, respectively, the Bader charges of Pt atoms and the pDOS for Pt4/g-

C3N4 catalyst. In Pt4/g-C3N4, the Pt atoms interacting with surface via the nitrogen atoms (labeled 

as 2, 3, and 4, in Table 3) are positively charged due to the charge transfer from Pt to the aromatic 

rings of the support. In turns, the Pt atom on top of the cluster (labeled as 1) is slightly negatively 

charged, what in combination with its low coordination, will interact more tightly with propane 

than the other Pt atoms in the cluster (2, 3, and 4). 

Table 3. Bader charges of Pt and Sn for Pt4/g-C3N4 and Pt3Sn/g-C3N4. 

System Side View Pt1 Pt2 Pt3 Pt4 or Sn 

Pt4/g-C3N4  -0.19 0.32 0.31 0.22 

Pt3Sn/g-C3N4  -0.34 -0.02 0.10 0.73 

 

According to the pDOS in Figure 6, the d orbitals of Pt in all the structures (highlighted with 

circles in Figure 6) are situated within the band gap of the support and act as dopant levels. These 

d levels of Pt are slightly farther from the Fermi level for Pt4/g-C3N4 than for Pt1/g-C3N4-C, 

indicating that Pt4/g-C3N4 is less active than Pt1/g-C3N4-C. Accordingly, the adsorption energies 

of propane, propene and hydrogen on Pt4/g-C3N4 are lower than on Pt1/g-C3N4. (Table S1). 
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Figure 6. Projected densities of states (pDOS) for Pt1/g-C3N4-C, Pt4/g-C3N4, and Pt3Sn/g-C3N4. 

Energy is referred to Fermi level. 

Figure 7 shows the electronic energy profiles for the mechanism of PDH catalyzed by Pt4/g-

C3N4 through the C1 path, and Figures S2 through the C2 path. The first C-H bond breaking (25.8 

kJ/mol) is higher than on Pt1/g-C3N4, (14.2 kJ/mol), which is consistent with the analysis of the 

density of states. Compared with Pt(111), Pt4/g-C3N4 is more active, as nearly 70.0 kJ/mol7,56 are 

required to initiate the first dehydrogenation of propane on Pt(111) surface. After the first C-H 

cleavage, the split hydrogen atom, which is bonded to the top Pt atom of the cluster migrates to 

another Pt atom, forming a more stable intermediate (1st H migration) by a significant amount of 

energy (see Figure 7 and Table S3). In contrast to Pt1/g-C3N4, the second dehydrogenation is easier 

than the first one, with a lower energy barrier of 18.8 kJ/mol. The side reaction conducting to 

propyne formation has a significantly larger energy barrier of 87.5 kJ/mol, indicating that propene 

is more readily formed than propyne. As a result, C3H6* + H* + H* products are formed with one 

hydrogen adsorbed at the same Pt atom as propene, and the other hydrogen in a different Pt of the 
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cluster. As it has been reported, the hydrogen atom can diffuse freely with a low barrier on the 

platinum surface.58 Thus, we assume that the second H* can migrate to the same Pt atom as the 

firstly generated H*, allowing H-H bond formation and desorption of molecular H2. However, H2 

formation and desorption from on the Pt4 cluster is more difficult than on Pt1/g-C3N4, requiring a 

substantial energy of 157.5 kJ/mol. The desorption energy of propene from Pt4 (149.4 kJ/mol) is 

lower than the one from Pt1 (185.6 kJ/mol). Yet, the barrier for deep dehydrogenation (68.1 

kJ/mol), is still lower than for desorption and even lower than for Pt1/g-C3N4 (107.8 kJ/mol). 

However, the difference between the desorption energy and deep dehydrogenation barrier for 

Pt1/g-C3N4 and Pt4/g-C3N4 is similar, with values of about 80 kJ/mol. To sum up, the propane 

activation is faster for Pt4/g-C3N4 than for Pt1/g-C3N4, but the desorption of propene is still 

energetically costly. 

 

Figure 7. Energy profile of PDH on Pt4/g-C3N4, C1 adsorption. C, H, N, and Pt are grey, pink, 

lavender, and green, respectively. Red lines are the competing side reaction pathways. 

We then investigate the PDH mechanism on the Pt3Sn cluster as a model for subnanometrized 

PtSn alloy clusters, since PtSn catalysts have been shown to increase selectivity towards 
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propene.15,58,59,60 The Sn atom occupies some of the active sites of Pt clusters, reducing side 

reactions.15 Moreover, a substantial charge transfer between Sn and Pt can shift the d-band center 

of Pt downwards, favoring the desorption of products.13,61,62 To this end we evaluated all possible 

configurations of the Pt3Sn cluster adsorbed on the g-C3N4 surface. The most stable structure, with 

an interaction energy of -338.1 kJ/mol, corresponds to two Pt atoms that coordinate with two 

different nitrogen atoms of the support, while the other Pt and Sn atom point upwards, out of the 

surface, forming a tetrahedron-like structure (Figure 5). In Pt3Sn/g-C3N4, the Pt atom non-

interacting with the surface (Pt1) carries more negative charge than the Pt atoms in Pt4/g-C3N4 

because the Sn atom transfers additional charge to its Pt neighbors (Table 3). As a result, the d 

band center of Pt3Sn/g-C3N4 is shifted downward, indicating a reduction in the reactivity of the 

surface. In the pDOS representation for Pt3Sn/g-C3N4, Figure 6, it is more difficult to distinguish 

the band gap, but compared with Pt4/g-C3N4, the unoccupied d electrons are farther from the Fermi 

level. The role of Sn therefore consists in tuning the reactivity of Pt by broadening the d-band of 

Pt (Figure 6) and reducing the activity.57,58 The adsorption energies on Pt3Sn/g-C3N4 of the key 

species involved in PDH are collected in Table S1. Previous studies have shown that they adsorb 

preferentially on the Pt atoms because they are electron-rich compared to Sn atoms (Table 3).59,63 

The adsorption energy of propane is similar to that on Pt4. In contrast, propene and hydrogen 

adsorption energies on Pt3Sn are lower than on Pt4. 

The electronic energy profiles of PDH on Pt3Sn/g-C3N4 through C1 and C2 pathways are given 

in Figure 8 and Figure S3, respectively. The energy barrier to reach the first transition state, 

corresponding to the activation of the primary C-H bond of propane, is 65.0 kJ/mol higher than 

that on Pt4/g-C3N4 (25.8 kJ/mol). Interestingly, the introduction of Sn has little effect on the 

secondary C-H bond breaking; the barrier is 5.2 kJ/mol, even smaller than the18.8 kJ/mol for Pt4/g-
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C3N4. The barrier for the side reaction yielding deep dehydrogenation of the primary carbon (TS2-

1 on Pt3Sn, 75.2 kJ/mol) is much higher than that for the secondary C-H activation to give the 

adsorbed propene (TS2 on Pt3Sn, 5.2 kJ/mol). For the first and second intermediates (C3H7* + H* 

and C3H6* + 2H*), all possible structures are shown in Tables S5 and S6, respectively. For C3H7* 

+ H*, the 1st migration of H* to another Pt atom is energetically favorable similar to that found for 

Pt4/g-C3N4. For the next step, C3H6* + 2H* with 2nd H migration, the most stable configuration 

places the two adsorbed H* on different Pt atoms, unlike for Pt4/g-C3N4. This means that additional 

energy (27.3 kJ/mol) is necessary to bring the two hydrogen atoms to the same Pt atom to allow 

H2 formation and desorption (entry 3 in Table S6, and the 3rd H migration in Figure 8). 

Furthermore, unlike Pt4 (Table S4), we found a di-σ adsorption mode of propene bridging two Pt 

atoms (entry 7 in Table S6), which is only 11.0 kJ/mol higher than the lowest π configuration of 

C3H6* + 2H* with the 2nd H migration atoms (entry 2 in Table S6). The lowest energy barrier was 

found for the most stable π adsorption mode, 5.2 kJ/mol (Figure8). Finally, for Pt3Sn/g-C3N4, both 

hydrogen and propene desorption are large, 84.6 and 141.2 kJ/mol, respectively, but less 

unfavorable than for Pt4 cluster. The barrier for deep dehydrogenation from adsorbed propene 

C3H6* (111.5 kJ/mol) is comparable to the desorption energy of propene. All in all, these results 

indicate that Pt3Sn/g-C3N4 would be less reactive toward C-H activation than Pt4/g-C3N4, but the 

easier desorption would prevent side reactions such as deep dehydrogenation and C-C bond 

breaking, improving the selectivity. 
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Figure 8. Energy profile of PDH on Pt3Sn/g-C3N4, C1 adsorption. C, H, N, Pt and Sn, are grey, 

pink, lavender, green and violet, respectively. Red lines are the competing side reaction pathways. 

 

Gibbs free energy profiles and microkinetic analysis 

Further analysis was conducted to make the simulation closer to the operating conditions. The 

calculated temperature dependence of the Gibbs free energy reaction for PDH, compared with that 

obtained from experimental data, is shown in Figure S5, the difference being less than 10 kJ/mol. 

The free energy reaction decreases with increasing temperature, and becomes exergonic at about 

873 K, usually taken as the working temperature. Free energy profiles at 873 K (Figure 9 and 

Figure S6 for C1 and C2 respectively) are given for the three catalysts. The results show, as 

expected, that while temperature has a significant impact on adsorption and desorption, it has a 

relatively small effect on C-H bond activation barriers. 
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Figure 9. PDH free energy profiles on Pt1/g-C3N4, Pt4/g-C3N4 and Pt3Sn/g-C3N4, at 873 K for C1 

adsorption. 

The single-atom Pt1/g-C3N4 system is the most active with an overall free-energy barrier (energy 

span) of 143.7 kJ/mol corresponding to the energy required to reach the transition state for the first 

C-H activation (TS1 for Pt1/g-C3N4, see Figure 9). The same process determines the energy span 

for Pt4 and Pt3Sn catalysts, the overall free-energy barrier being higher for Pt4 than for Pt1 but 

lower than for Pt3Sn. We also note that the desorption of H2 in Pt4/g-C3N4 is more difficult because 

the C3H6* + H* + H* (2nd H migration step) forms a relatively deep energy well. Pt3Sn/g-C3N4 

facilitates the desorption process, but the activation of a third C-H bond is more energy demanding 

(Table S7). Therefore, side reactions and deep dehydrogenation are less likely to occur on Pt3Sn. 

All the previously considered reactions were included in the microkinetic analysis (Table S8). 

In addition, as the initially inactive Pt1-A, has to move to Pt1-C, and the Pt atom can also move 

below the first layer deactivating the catalyst, we included the corresponding elementary steps 

(Figure 3 and Figure S7). The conversion of propane is reported with and without considering the 
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Pt diffusion into the support at 873.15 K (Figure 10). The Pt1/g-C3N4 catalyst is the most active 

without considering Pt diffusion, close to Pt3Sn. However, if the diffusion of Pt below the surface 

is considered, the activity of Pt1/g-C3N4 is significantly reduced, and becomes even less active than 

Pt4/g-C3N4. Pt4 is less performant than the others because it favors deep dehydrogenation, which 

leads to coke formation. This is evidenced by the fact that the 2-propenylidene species on Pt4/g-

C3N4 is more than 6 orders of magnitude higher than on the other catalytic systems. It is important 

to note that, although the velocities are different, all catalysts reached equilibrium conversion at 

873.15 K, ca. 32%. 

 

Figure 10. Predicted propane conversion on Pt1/g-C3N4, Pt4/g-C3N4, and Pt3Sn/g-C3N4, at 873.15 

K, 1atm. 

Figure 11 shows the evolution of propane conversion over time at different temperatures. It 

shows that Pt3Sn has the highest conversion and can reach the equilibrium at all temperatures; Pt1 

(taking diffusion into account) has a better conversion than Pt4 when the temperature is below 

873.15 K, but the trend is reversed at high T because the diffusion of Pt1 below the first surface 

layer increases. 
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Figure 11. Predicted propane conversion on Pt1/g-C3N4, Pt4/g-C3N4, and Pt3Sn/g-C3N4, at different 

times (59, 150, 250 s) and temperatures (773.15 - 973.15 K). 

The analysis at different temperatures can also be used to estimate the apparent activation energy 

of the reaction. To build the Arrhenius plot, we calculated the reactive velocity at initial times. 

This satisfied the linearity of the Arrhenius plot. The apparent activation energies were found to 

be 31, 57 and 34 kJ/mol for Pt1/g-C3N4, Pt4/g-C3N4 and Pt3Sn/g-C3N4 catalysts, respectively. These 

estimations are in the same order than the values obtained by Sui, Chen, et al.12 for PDH on 

Pt/Al2O3 nanocatalyst, 56 kJ/mol on small clusters and 26 kJ/mol on atomically dispersed Pt. 

 

CONCLUSIONS 

In summary, three Pt-based catalysts for PDH were theoretically designed and compared: single-

atom (Pt1/g-C3N4) and single clusters (Pt4/g-C3N4 and Pt3Sn/g-C3N4). All these systems were found 

to be active for PDH. The initial propane adsorption and C-H activation of the primary bond 

follows the reactivity order: Pt1 > Pt4 > Pt3Sn. In the most reactive Pt1/g-C3N4 catalyst, the low 

coordinated Pt atom adsorbs better the propane substrate facilitating the subsequent activation. On 

the other hand, the rate of propene desorption, which have been related with the PDH selectivity, 
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follows the opposite trend: Pt1 < Pt4 < Pt3Sn. In Pt3Sn/g-C3N4 catalyst, the easiest propene 

desorption and the highest barrier for deep dehydrogenation in C3H6* state among the studied 

systems indicate that this is the most selective catalyst. Besides these general trends in PDH, our 

atomistic simulations have revealed other effects that influence the overall activity/selectivity of 

the catalytic process. In the single atom catalyst Pt1/g-C3N4, the Pt atom can diffuse below the 

surface of the support at working temperature conditions, causing catalytic deactivation. Contrary 

to extended solids, in single-atom or subnanometric clusters, the hydrogen produced after 

dehydrogenation cannot diffuse along extended surfaces and this can have consequences on the 

relative energies of intermediate species. Here, we observed a relative, deep energy well for Pt4/g-

C3N4 catalyst, reducing its overall activity. The microkinetic analysis shows that the propane 

conversion on Pt3Sn/g-C3N4 and Pt1/g-C3N4 are comparable; however, if the diffusion of Pt atoms 

below the top layer is considered, the activity of Pt1 drops sharply and becomes even lower than 

that of Pt4/g-C3N4 catalyst. The low activity of Pt4/g-C3N4 is caused by the coverage of active sites 

by deep dehydrogenated species, which is suppressed in Pt3Sn/g-C3N4 due to easier desorption of 

propene at working conditions, thus making this one the best catalyst for PDH among the systems 

studied here. Overall, these Pt-based catalysts, supported on g-C3N4, offer a promising direction 

for the development of PDH, providing important insights for future research. 
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Data set collections of the computed structures are available in the NOMAD64 (gP9aZpx0Rg-
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